ptimizing N fertilizer use in maize production is critical for maximizing profit and reducing N losses and associated negative environmental impacts. That an optimal solution is possible can be inferred from studies that have evaluated crop yield response and N losses across a wide range of N application rates. For example, Broadbent and Carlton (1978) found that NO 3 leaching from irrigated maize was small when the rate of applied N fertilizer did not exceed requirements for 90% of maximum grain yield. Similarly, in a meta-analysis of N 2 O emissions from arable crops, van Groenigen et al. (2010) concluded that yield-scaled emissions were constant until N fertilizer inputs exceeded N uptake by the aboveground biomass. The EONR is the N rate at which no further increase in net return occurs, and this point on the response curve occurs well below maximum yield levels at grain and N fertilizer prices typical of the past 40 yr (Dobermann et al., 2011) .
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In practice, the EONR is difficult to predict before planting because the actual shape of the yield response to applied N varies field to field, and year to year due to in-season weather and crop management operations that influence the N supply-crop N demand balance. The EONR can be estimated by (i) the amount of N the crop obtains from the indigenous N supply (including N mineralization from organic matter, wet-dry deposition, and in irrigated systems, the NO 3 -N applied with irrigation), (ii) the shape of the N response function relating yield to the rate of N application, and (iii) prices for N fertilizer and maize grain. The shape of the yield response is determined by the yield potential when the crop is no longer limited by N (which defines the maximum attainable yield level), the agronomic fertilizer efficiency (AE, Δyield/Δapplied N), which in turn is determined by the efficiency of N uptake from the applied N (the recovery efficiency, RE) and the efficiency with which the acquired N is converted to grain yield (the physiological efficiency, PE) (Novoa and Loomis, 1981) .
Despite the dynamic nature of the crop N response, extension programs in most U.S. Corn Belt states have established N fertilizer recommendations based on algorithms derived from regional field tests that do not directly account for fertilizer N use efficiency (Dobermann et al., 2006a) . While such approaches can perform well in the region where they were developed, they may not be robust in other regions with different soils, climate, and crop rotations. Given the limitations of regional calibration and the high degree of temporal and spatial variability in factors affecting crop response to applied N, new approaches that are responsive to this variability are under development.
One approach is to apply N in response to conditions during the growing season, such as in-season adjustment of the N application rate in relation to leaf or canopy N status using sensor technologies (Kitchen et al., 2010; Olfs et al., 2005) or a chlorophyll meter (Scharf et al., 2006) . In-season adjustments can also be responsive to actual weather conditions that affect the N response (Moebius-Clune et al., 2009) . In all of these approaches, a portion of the total N requirement is applied preplant and the rest in response to conditions during the growing season. While promising, each of these methods requires further development and validation to support widespread adoption.
Another approach is to use a simulation model that accounts for the dynamic interactions between management and environmental conditions to estimate N fertilizer requirements. Although some existing crop simulation models such as WOFOST (Supit and van der Goot, 2003) and Ceres-Maize (Jones and Kiniry, 1986) can be used for post-season evaluation of nutrient limitations in a maize crop, they were not designed to support preplant or in-season decisions about fertilizer N management. Given this situation, our objective was to develop and evaluate a simulation model for estimating maize N fertilizer requirements that is sensitive to the key factors governing the maize response to applied N. The new model, called Maize-N, builds on the Hybrid-Maize model (Yang et al., 2004) , which simulates maize growth and yield in response to climate and water supply. Maize-N extends to include sensitivity to factors governing soil N mineralization and the recovery of N fertilizer, while also accommodating differences in crop rotation, tillage practices, form of N fertilizer, method of application, and prices for grain and N fertilizer.
MATERIALS AND METHODS

Model Development
The Maize-N model consists of four components that estimate (i) maize yield potential, (ii) soil C and N mineralization, (iii) N use efficiencies, and (iv) yield vs. N response (Fig. 1) . Inputs for the model consist of weather variables, management practices in the coming season for which the N rate is to be estimated (crop maturity, planting date, population, grain price, and yield history), previous season management (method of crop and residue management), N fertilizer practices including timing of application, and soil edaphic inputs. Optional inputs include residual soil NO 3 before planting (if measured) and manure application (if applied). In addition to the EONR, Maize-N provides collateral outputs including estimated attainable yield, N uptake from indigenous soil sources, and the daily rate of C and N mineralization. All grain yields are based on standard grain moisture content (0.155 kg H 2 O kg -1 grain).
In Maize-N, attainable yield (Y a ) is assumed to be a known fraction of the yield potential (Y p ) or can be supplied based on the yield history of a given site. For a given field, Y p was estimated using the Hybrid-Maize model and long-term weather data from a nearby weather station (Yang et al., 2004) . The weather data required to run Hybrid-Maize include daily values for maximum and minimum temperatures, solar radiation, and rainfall. The fraction Y a /Y p is treated as an internal model parameter (user modifiable) with a default value of 0.85. Because it is neither economical nor environmentally acceptable to provide the input levels required to achieve 100% of Y p , evidence from studies using on-farm data suggest that yield levels of 80 to 90% of Y p can be attained in well-managed maize fields (Grassini et al., 2011) . Thus, in Maize-N, Y a defines the upper yield limit in the response to the rate of applied N (Fig. 2) . A spherical function (Dobermann et al., 2006b ) is used to relate yield to N rate:
where Y is the predicted maize yield (Mg ha -1 ), Y 0 is the yield without applied fertilizer N (Mg ha -1 ), N is the N rate (kg ha -1 ), b is the difference between Y a and Y 0 (Mg ha -1 ), and c is the N rate as the yield approaches Y a (kg ha -1 ). All yield terms are expressed as grain mass with 0.155 kg kg -1 moisture content. In addition to Y a , the yield without applied fertilizer N (Y 0 ) and AE also govern the shape of the spherical function of yield vs. N rate (Eq. [1]). The EONR is calculated by using the first derivative of the function relating net return to N and the N rate:
where R is price ratio of maize to N fertilizer (US$ kg -1 grain/ US$ kg -1 N). Maize-N estimates Y 0 based on a generic yield vs. N uptake relationship for indigenous N sources (Fig. 3 ) determined using the QUEFTS approach (Janssen et al., 1990 ) from a global maize database that includes measurements of yield and N uptake taken from field experiments conducted at research stations and in farmer's fields in Nebraska in the United States, Indonesia and Vietnam (Setiyono et al., 2010) , and Brazil, Ecuador, and China (provided by L. Prochnow, J. Espinosa, and P. He, International Plant Nutrition Institute, Brazil, northern Latin America, and north-central China, respectively). It was assumed that the uptake efficiency of indigenous N sources was 0.85, as shown by the slope of observed indigenous N vs. simulated N supply for the irrigated field experiments in Nebraska (Fig. 3, insert) . The indigenous N supply is calculated mechanistically using the C and N mineralization subroutine (DK C&N model, Yang and Janssen, 2000) , which is responsive to soil temperature, as estimated from air temperature, and tillage. The tillage system affects the amount of crop residue returned to the soil such that mineralization is greater with conventional tillage methods and less under notill. The amount of crop residue is estimated based on the yield of the previous crop and the crop species, which are inputs to the model, and a default C/N ratio and harvest index for each crop species. Once indigenous N uptake is known, the yield without applied N is then calculated using the cubic solver for N uptake vs. yield (Setiyono et al., 2010) .
Three different but related aspects of N use efficiency are used in Maize-N. First, AE is empirically determined based on its linear relationship to the maximum yield response to applied N (Y a -Y 0 ) (Fig. 4) . Although there was a slight difference in the slope of the regression between the irrigated and rainfed data sets (Fig. 4) , the combined slope was used in Maize-N to give a "baseline" AE as estimated by the combined regression line, because AE = PE × RE, where PE is physiological efficiency of N uptake (Δkg grain/Δkg N uptake) and RE is the recovery efficiency of applied fertilizer N (Δkg N uptake/kg N applied). In Maize-N, the baseline AE is then sensitive to weather factors influencing the crop yield level, which affects the PE, as shown in Fig. 3 , and soil and fertilizer management factors that influence the RE, such as fertilizer formulation, application method, and soil texture (Cassman et al., 2002; Inman et al., 2005; Fageria and Baligar, 2005) . Soil and fertilizer management options are specified as inputs to a simulation.
Model Validation
The Maize-N model was validated using data from wellmanaged field experiments conducted in central Nebraska (Roberts, 2009) , eastern South Dakota (Kim et al., 2008) , and western Nebraska (Table 1 ). The locations included both irrigated (central Nebraska and eastern South Dakota) and rainfed (eastern South Dakota and western Nebraska) systems. For each site and year, weeds, insect pests, and diseases were effectively controlled, and nutrients other than N were in adequate supply. Only the highest yielding treatments were used in the validation. Measured yields and EONR at the central Nebraska sites varied due to two distinct soil types with different levels of soil organic C within each field (Roberts, 2009) ; in eastern South Dakota, measured yield and EONR varied due to different water management regimes (irrigated vs. rainfed). In western Nebraska, the experiments were conducted under rainfed conditions and yields were constrained by the water supply. For each of these experiments, Y p was simulated for the field studies based on actual planting date, hybrid maturity, plant density, and weather data. The Maize-N performance in simulating the EONR was compared against existing algorithms developed by (i) the University of Nebraska-Lincoln (Shapiro et al., 2008) , (ii) Kansas State University (Leikam et al., 2003) , (iii) South Dakota State University (Gerwing and Gelderman, 2005) , and (iv) the University of Missouri (Brown et al., 2004) . Brief descriptions of these N recommendation schemes are shown in Table 2 , while detailed equations for EONR determinations with each of these approaches are given in the appendix. Each of these N fertilizer recommendation methods are empirical in nature and derived from a large database of field experiments conducted within the respective state or region. At each testing site, the maize response to applied N fertilizer was tested across a range of N rates to allow estimation of the EONR. The individual state-level recommendations for Kansas, Missouri, Nebraska, and South Dakota are based on algorithms sensitive to the expected yield level and varying levels of detail about soil properties and crop and soil management. While most of the information required to use these algorithms is easily obtained or known by the crop producer before planting, determination of the yield goal requires knowledge of Y p at a given site. In Maize-N, the yield goal is estimated by the Hybrid-Maize model, either as a stand-alone program for the rainfed sites or as an embedded function within the Maize-N model for the 
Kansas State University Similar to UNL approach but with greater sensitivity of N rate to changes in expected yield. Also takes into account the profile depth of residual soil NO 3 measurement. Slope of N rate vs. expected yield is 89.6 kg grain kg -1 N (1.6 bu grain lb -1 N)
Leikam et al.
South Dakota State University Empirically based on expected yield, inorganic soil N (residual soil NO 3 ), and N credits from previous crops and manure applications. Does not take into account soil N supply from organic matter. Slope of N rate vs. expected yield is 50.4 kg grain kg -1 N (0.9 bu lb -1 N)
Gerwing and Gelderman
University of Missouri Empirically based on expected yield, plant population density, soil N supply from organic matter, and N credits from previous crops and manure applications. Does not require inorganic soil N test. Slope of N rate vs. expected yield is 50.4 kg grain kg -1 N (0.9 bu grain lb -1 N) Brown et al. irrigated sites. The yield goal for a given site in Maize-N was determined (Y a = 0.85Y p ) as mentioned above.
The RMSE and mean error (ME) were calculated for the simulated values from all methods of estimating the EONR following the methods given by Janssen and Heuberger (1995) :
where s i is the simulated data for the ith site-year-zone or treatment combination (experimental unit), o i is the observed data for the ith experimental unit, and n is the number of pairs of simulated and observed data.
RESULTS
The Hybrid-Maize model simulated attainable yields (Y a ) at the validation sites with a RMSE of 1.4 and ME of 0.4 Mg ha -1 (Fig. 5) . These simulations were considered robust given the large range of observed yields from 3.8 to 15.1 Mg ha -1 in this study. More importantly, there is no systematic trend of under-or overestimation of simulated yield across the observed yields. The RMSE for the simulation of Y 0 was 1.7 Mg ha -1 , with a ME of 0.70 Mg ha -1 . Similar to Y a , there was little bias in estimating Y 0 across the range of observed yields.
Using the validation data set, the EONR estimated by each N fertilizer recommendation method shown in Table 2 , as well as by Maize-N, were compared with the actual observed values (Fig. 6) . The Maize-N model estimated the EONR with greater accuracy than the more empirical N recommendation approaches, with RMSE and ME values of 21 and 10 kg ha -1 . Among the state algorithm-based N recommendation methods, the South Dakota algorithm had the lowest RMSE of 33 kg ha -1 , while the Missouri algorithm had the highest RMSE of 61 kg ha -1 .
The accuracy of EONR simulation with yield-goal-based state N recommendation schemes appeared to vary by region. For example, EONR simulation with the University of Nebraska-Lincoln algorithm was more accurate for central and western Nebraska but was not robust for the South Dakota site. Similarly, the South Dakota algorithm was generally more accurate for the South Dakota and western Nebraska sites but not robust for the central Nebraska sites. On the other hand, Maize-N showed relatively robust EONR simulation across the different sites in the validation data set (Fig. 6) .
Simulation of the EONR with Maize-N was sensitive to factors that decrease either crop N demand or the indigenous soil N supply from the baseline values. For example, the EONR was reduced as Y a decreased from a baseline at the South Dakota and central Nebraska validation sites (Fig. 7a and 7b) . Likewise, the EONR decreased with greater soil organic C (SOC) than the baseline, which increases the indigenous N supply (Fig.  7c and 7d) . On the contrary, an increase in Y a or reduction in SOC relative to the baseline resulted in a relatively moderate increase in the simulated EONR. In Fig. 7 , the sharp decline in simulated EONR is especially evident when the simulated Y 0 approaches Y a , where the model suggests that no additional N fertilizer was needed for the maize crop. The responses of the EONR to SOC and Y a were also influenced interactively by previous crop and tillage operations (Fig. 7) . Generally, the system became more sensitive to changes in SOC or Y a when soybean [Glycine max (L.) Merr.] was the previous crop and with conventional tillage, compared with when maize was the previous crop in no-till systems.
DISCUSSION
This study, as well as others (Timsina et al., 2010; Ping et al., 2008; Grassini et al., 2011) , has found the Hybrid-Maize model to be robust in estimating maize yield potential across a wide range of environments. Attainable yields at the validation sites were site specific and influenced by climate, agronomic management, and water supply. The highest maize yields were observed and simulated by Hybrid-Maize in the irrigated systems of central Nebraska (Fig. 5) . The lowest maize yields were observed and simulated for the rainfed sites in western Nebraska. Irrigated and rainfed yields in South Dakota were intermediate to the two Nebraska sites for both observed and simulated yields. A reliable estimate of Y p is crucial for tactical N management because it sets the upper ceiling on both yield and N uptake requirements at a given site.
While climate and water availability are key factors determining attainable yields across sites, the yield without applied N (Y 0 ) also relies on edaphic, climatic, and management factors influencing the indigenous N supply. This sensitivity makes it difficult to estimate Y 0 at the beginning of a growing season. Hence, estimates of Y 0 by Maize-N were less accurate than estimates of Y a , based on simulation of Y p with Hybrid-Maize (Fig. 5) . Improving the estimation of Y 0 might be possible by revising Maize-N to account for additional factors influencing N mineralization or by simulation with real-time weather data (instead of long-term weather data). It is notable that the delta yield (Y a -Y 0 ) as used in Maize-N appears to be more robust in estimating the EONR than the yield goal as used in other studies (Lory and Scharf, 2003) .
The existing approaches for tactical fertilizer N requirements were considerably less accurate in predicting EONR than Maize-N. These methods were developed for a specific state or region and were not intended to be generic in scope. But for maize producers in border regions such as eastern Nebraska, southeast South Dakota, northwest Missouri, or northeast Kansas, it is not clear which statewide recommendation would work best. In contrast, Maize-N is based on fundamental relationships that govern N availability and crop demand as affected by management and environment. We speculate that these relationships should hold true across a wide range of environments. Further testing of Maize-N is needed across a much larger range of conditions, including sites throughout the Corn Belt and globally, to test this hypothesis.
Fertilizer N requirements are more difficult to estimate in regions where average maize yields are low due to water deficits and large year-to-year variation in rainfall because the annual variation in Y p is large. In regions where the average maize yields are low due to water deficits and large year-to-year variation in rainfall, the degree of uncertainty can be reduced if the soil moisture at planting is known . Although Maize-N does not currently allow input of the soil moisture status at planting, the Hybrid-Maize model has this capacity. Thus, yield goals designated in Maize-N and associated EONR values for low-yield, water-limited environments would benefit from specification of the initial soil moisture at planting. The use of split N fertilizer applications may also make sense under these conditions so that the yield goal can be refined as more information becomes available about rainfall and soil moisture storage at planting and during the crop establishment phase.
The main difficulty of estimating the EONR before a growing season is due to the unpredictable actual weather, particularly rainfall and temperature, and their impact on soil N mineralization and loss processes such as NH 3 volatilization, denitrification, and leaching. These uncertainties were emphasized as important factors governing the estimation of N fertilizer rate in the Adaptive-N model for corn production (Moebius-Clune et al., 2009), and they also have a large influence on optimal N fertilizer rates in rice (Oryza sativa L.) cropping systems (Cassman et al., 1996) . Given the variability in weather and the susceptibility of inorganic N from soil and fertilizer to various loss processes, the accuracy of N fertilizer requirements before planting will always have a degree of uncertainty. Nonetheless, preseason N estimation by Maize-N is a useful tool for production systems in which it is not possible to apply more than one or two N applications. Maize-N is also useful for scenario analysis to evaluate the impact of different crop and soil management options and associated influences on N fertilizer efficiency in a specific cropping system defined by its environment, which includes soil type and climate, and by crop rotation, residue management, and tillage system.
APPENDIx
Existing approaches for N fertilizer recommendation (N f ) for maize:
1. University of Nebraska (Shapiro et al., 2008) : where f m is the unit conversion from pounds per acre to kilograms per hectare (1.119821), EY is expected yield (bu acre -1 ), NO 3 is preplant (residual) soil NO 3 -N (lb acre -1 ), SOM is soil organic matter (%), D is the soil profile depth for soil NO 3 measurement (assumed to be 61 cm in this study), N credit is N from sources not accounted for in the equation, including N credits from the previous crop, manure, irrigation water, and others, and f SOM is the N credit from SOM determined based on Table A1 . The N credit from the previous crop is 45 lb acre -1 for legumes and 0 lb acre -1 for wheat (Triticum aestivum L.) and maize (previous crops pertinent to this study). The value of EY is estimated with the same approach as estimating the attainable yield in Maize-N, that is by assuming Y a = 0.85Y p , where Y p is the long-term yield potential simulated using the Hybrid-Maize model (Yang et al., 2004) . For each of these approaches (1-4), the EONR was determined by accounting for the ratio of maize grain to fertilizer N prices, following a method described by Dobermann et al. (2006b) , that is by multiplying the N f by the following price ratio factor: ( ) Table A1 . Soil N credits based on soil texture and organic matter content. 
Soil texture Organic matter
